Phospholipase D (PLD) has been implicated in a variety of stresses including osmotic stress and wounding. PLDa1-derived phosphatidic acid interacts with ABI1 phosphatase 2C and promotes abscisic acid signalling. It has also been shown to regulate proline biosynthesis negatively. Plants with abrogated PLDa show insensitivity to abscisic acid (ABA) and impaired stomatal conductance. The goal in the present study was to identify early PLDa-mediated events in response to progressive drought stress in Arabidopsis. Water was withheld from 7-week-old Arabidopsis thaliana (Col-0) and antisense-PLDa1 (anti-PLDa) in a controlled environment chamber. Diurnal leaf water potential (LWP) and photosynthesis measurements were recorded five and three times a day, respectively. Quantitative reverse transcription-polymerase chain reaction (qRT-PCR) and microarray analyses were conducted using RNA from shoots collected at the fourth LWP time point on the ninth day after stress imposition. Anti-PLDa experienced severe water stress (21.28 MPa) at the same time period that Col-0 experienced less water stress (20.31 MPa). Diurnal LWP measurements showed that anti-PLDa had a lower LWP than Col-0 in both control and drought-stress conditions. Photosynthesis was also more affected in anti-PLDa than in Col-0. AntiPLDa plants recovered fully following rehydration after 10 d of stress. qRT-PCR revealed up to 18-fold lower values for PLDa transcripts in stressed anti-PLDa plants when compared with stressed Col-0. Microarray expression profiles revealed distinct gene expression patterns in Col-0 and anti-PLDa. No differences in gene expression were detected between the two genotypes in the absence of drought stress. ROP8, PLDd, and lipid transfer proteins were among the differentially expressed genes between the two genotypes.
Introduction
Plants perceive and respond to drought stress by altering transcriptional, biochemical, and physiological processes. The mechanism of molecular responses of plants to drought stress has been extensively studied (Ingram and Bartels, 1996; Seki et al., 2002; Rabbani et al., 2003; Rizhsky et al., 2004) , and phospholipid-based signalling, involving phospholipase C (PLC) and phospholipase (PLD), has emerged as a component of drought-responsive signal transduction pathways (Hirayama et al., 1995; Sang et al., 2001b) .
PLD genes play diverse roles in plant cells in cell signalling and in metabolism by hydrolysing phospholipids to phosphatidic acid (PA). PLDs have been shown to be involved in programmed cell death, cell growth, cell patterning, vesicular trafficking, cytoskeletal changes, root growth, abiotic stress responses, and the oxidative burst (Sang et al., 2001b; Lee et al., 2003; Ohashi et al., 2003; Potocky et al., 2003; Li et al., 2004; Wang, 2005) . The various PLDs have different requirements for Ca 2+ and phosphoinositides, and varied substrate preferences. Depression of PLDa1 activity by antisense suppression or its ablation by knockout mutation resulted in alteration in several stress-related physiological processes such as production of reactive oxygen species (Sang et al., 2001a) , abscisic acid (ABA) signalling (Fan et al., 1997) , wounding response (Wang et al., 2000) , freezing tolerance (Welti et al., 2002) , and increased water loss (Sang et al., 2001b) . PLDa1 interacts directly with G a , the only canonical asubunit of the heterotrimeric G protein in Arabidopsis (Zhao and Wang, 2003) . PLDa1-G a interaction inhibits PLDa activity, stimulating the intrinsic GTPase activity of G a (Zhang et al., 2004a) , and regulates stomatal movement (Mishra et al., 2006) . ABA-independent activation of PLD by the G c subunit has also been reported in barley aleurone (Ritchie and Gilroy, 2000) .
In mammalian cells, several PA targets have been identified (Ktistakis et al., 2003) . These include protein kinases, protein phosphastases, phosphodiesterases, ATPase, small GTPases, sphingosine kinase, and protein kinase C (Jenkins et al., 1994; Ghosh et al., 1996; Manifava et al., 2001; Lopez-Andreo et al., 2003; Delon et al., 2004) . In plant systems, less is known. In Arabidopsis, PLDa1-derived PA has been shown to interact with ABI1, a protein phosphatase 2 C (PP2C) which is a negative regulator of ABA responses (Zhang et al., 2004a) . PA binds to ABI1 and reduces its translocation to the nucleus by tethering it to the plasma membrane, thus promoting ABA responses. PLDa1 and PA interact with PP2C to signal ABA-promoted stomatal closure, whereas PLDa1 and PA interact with the G a -subunit to mediate ABA inhibition of stomatal opening (Mishra et al., 2006) . PA also binds to PDK1, a protein kinase which acts upstream of a mitogen-acivated protein kinase (MAPK) pathway (Anthony et al., 2004; Rentel et al., 2004) . PA has been shown to bind MAPK6-related protein, an important mediator in stress and ethylene signalling, in soybean cells (Liu and Zhang, 2004) . Other PA-binding targets have been identified in a proteome-wide study (Testernik et al., 2004) . However, an overall understanding of any one PLDmediated pathway is still lacking for plants.
Given this diverse role of PLDa in plant function, it is possible that additional targets of PA exist. No transcriptome studies have been carried out on PLDa1-depleted plants as yet, and it still yet unclear which downstream pathways are regulated by PLDa1. To identify these downstream targets of PLDa, the effect of progressive drought stress on global transcriptional profiles obtained from nontransformed and antisense-PLDa (anti-PLDa) plants, and also on physiological responses, were compared. Antisense suppression of PLDa1 significantly altered drought responses in Arabidopsis, as was to be expected. Microarrays with ;26 000 elements consisting of 70-mer gene-specific oligonucleotides were used to profile gene expression under drought conditions. A total of 920 genes (;4.4% of the transcriptome) that were significantly regulated by drought stress were identified in Col-0. In anti-PLDa, 765 genes (;3.7% of the transcriptome) were drought regulated, with a modest (;15%) overlap between the two genotypes. The results suggest that PLDa1-mediated signalling in response to drought stress leads to changes at many levels of plant processes including transcription, metabolism, and signalling. These include ROP8, PLDd, and lipid transfer proteins (LTPs). Small G-proteins, 14-3-3 proteins, genes involved in lipid signalling, and several transcription factors may also be regulated by PLDa1 under drought stress.
Materials and methods
Anti-PLDa1 plants in the Columbia background were obtained from the laboratory of Dr X Wang, Kansas State University. Wildtype (Col-0) and anti-PLDa seeds were sown in pots of moist soil (Sunshine Mix 1) in a growth chamber (Conviron 4030, Winnipeg, MB, Canada). The growth chamber was set to 8 h light at 22°C, 16 h dark at 20°C. The plants were watered at regular intervals. After 4 weeks, the plants were transplanted to trays with a spacing of 2 inches. Water was withheld just prior to flowering, ;7 weeks after sowing. Sampling began on the eighth day after imposition of drought stress. Samples were taken five times a day (one pre-dawn, three during the day, and one after dusk). Relative to dawn, the samples were taken at the following times: À0.5, 1, 2, 4, and 9 h. Two leaves from each plant were taken for leaf water potential (LWP) measurements using a pressure bomb (Soil Moisture Equipment Corp., Santa Barbara, CA, USA). Photosynthesis measurements were taken using a Li-6400 portable Photosynthesis System (Li-Cor Inc., Lincoln, NE, USA) at 1, 2, and 4 h after dawn. All measurements were made on two replicates. Aerial portions of the plant were collected and flash frozen in liquid nitrogen, and were stored at À70°C for further studies.
RNA extraction and microarray hybridization Total RNA was obtained by using a method developed by Jaakola et al. (2001) and further purified using RNeasy columns (Qiagen, Foster City, CA, USA). Total RNA, 100 lg per sample, was labelled using the indirect labelling procedure as described by Hegde et al. (2000) . RNA was mixed with 0.8 mM dATP, dCTP, and dGTP, 0.5 mM dTTP, 0.3 mM 5-(3-aminoallyl)-2#-deoxyuridine-5#-triphosphate (Sigma, St Louis, MO, USA), and 2 lg of oligo(dT) (Invitrogen, Carlsbad, CA, USA), followed by first-strand cDNA synthesis (SuperscriptII RT; Invitrogen). After incubation for 2 h at 42°C, the cDNA was treated with 2 U of RNase H (Invitrogen) for 15 min at 37°C and purified (Qiagen). After binding the cDNA, columns were washed with phosphate-ethanol buffer (5 mM potassium phosphate, pH 8.0 and 80% ethanol) and the cDNA was eluted with phosphate buffer (4 mM K-phosphate, pH 8.5).
Purified cDNA was dried, and subjected to a coupling reaction with Cy3-dUTP or Cy5-dUTP dye ester (Amersham-Pharmacia, St Louis, MO, USA) and the labelled cDNA was purified (Qiagen). Glass slides were pre-treated and hybridized as described (Kawasaki et al., 2001) . Hybridizations were done using the two-dye (Cy3 and Cy5) method. In total, four hybridizations were performed with two hybridizations per treatment (dye swaps with biological replicate).
Quantitative RT-PCR
DNase treatment, cDNA synthesis, primer design, and SYBR Green I reverse transcription polymerase chain reaction (RT-PCR) were carried out as described by Vandesompele et al. (2002) . In brief, 2 lg of each total RNA sample was treated with RNase-free rDNase I according to the manufacturer's instructions (Ambion). Treated RNA samples were purified before cDNA synthesis using Quia columns (Qiagen). First-strand cDNA was synthesized using oligo(dT) (18-mer) 
Microarray data analyses
Microarray slides including ;26 000 elements consisting of 70-mer gene-specific oligonucleotides were used (see: http://www.ag.arizona.edu/microarray/). Expresso, a system of tools and databases for integration of computation and experimentation in the context of gene expression experiments, was used for analysis of the data (Watkinson et al., 2003; Li et al., 2006) . The sensitivity of individual genes to the experimental treatments is estimated using a two-stage statistical analysis (Wolfinger et al., 2001) , as modified by Li et al. (2006) . Current methodology (Brinker et al., 2004; Byrne et al., 2005; Kirst et al., 2005) and stringent statistical models (Wolfinger et al., 2001; Chu et al., 2002; Cui and Churchill, 2003; Allison et al., 2006) include factors not previously considered, such as dye and random block effects. These analyses have now replaced the focus on fold changes that did not incorporate variance or probability considerations. Thus, probability can be assessed of changes that previously were considered too close to call. The details of analyses of the data are thoroughly described and their advantages discussed elsewhere . Data mining was carried out using MIPS Functional categorical (FunCat) analysis (http://mips.gsf.de/ proj/funcatDB/search_main_frame.html).
Results

Drought stress and physiological measurements: phenotypic differences observable only under stress
The physiological drought responses of wild-type (Col-0) and anti-PLDa plants were compared. Under control conditions, there was no observable phenotypic difference between Col-0 and anti-PLDa plants (Fig. 1b) . LWP measurements began at the eighth day after withholding water. LWP measurements were taken 30 min before dawn, 1, 2, and 4 h during the day, and 1 h after dusk. Previous experiments under similar conditions showed no significant phenotypic difference between control and stressed plants until after 7 d of withholding water (R Grene et al., unpublished data). Diurnal LWP measurements were similar in unstressed Col-0 and anti-PLDa plants (Fig.  1a) . Differences in LWP became apparent on day 8 after withholding water. Anti-PLDa experienced severe water stress at the same time that Col-0 experienced less water stress (À0.31 MPa in Col-0 and À1.28 MPa in anti-PLDa at peak drought stress) (Fig. 1b) . Diurnal LWP measurements showed that anti-PLDa had significantly lower LWP than Col-0 as the drought stress progressed. However, antiPLDa plants were able to recover in the dark. Net photosynthesis was also more affected in anti-PLDa than in Col-0 (data not shown). Both the untransformed and the anti-PLDa plants recovered fully (0.11 MPa in Col-0 and 0.15 MPa in anti-PLDa) upon rehydration at 10 d after the end of stress imposition (Fig. 1a, c ).
Transcriptome profiling
Plants from day 8, the fourth time point of drought stress, were chosen for gene transcription profiling in order to identify drought-mediated transcript changes associated with PLDa function at an early stage of drought stress. RNAs from two biological replicates were hybridized on two microarray slides with dye swap. To determine drought-regulated genes, a two-step analysis of variance (ANOVA) was performed using Expresso . To determine the effect of antisense suppression of PLDa1 under control conditions, gene expression patterns of unstressed Col-0 and anti-PLDa plants were compared. A total of only 39 (0.15% of the transcriptome) genes were differentially expressed between unstressed Col-0 and antiPLDa (see Supplementary Table S1 at JXB online).
Genes that were identified as significantly up-or downregulated under drought stress at P <0.05 are shown in Fig. 2 ; see Supplementary Table S2 at JXB online. A total of 920 genes (;4.4% of the transcriptome) were drought regulated in Col-0, with 460 upregulated and 460 downregulated. In anti-PLDa, 765 genes (;3.7 of the transcriptome) were drought regulated, with 431 upregulated and 334 downregulated. Only 14.67% and 16.25% of the drought up-and downregulated genes, respectively were common to both Col-0 and anti-PLDa. Significantly regulated genes were classified according to the Munich Information Center for Protein Sequences (MIPS) categorization. In both Col-0 and anti-PLDa, the most represented category was transcription, followed by metabolism, signalling, and subcellular localization (Table 1; see Supplementay Table S3 at JXB online). In most categories, barring transcription, a greater number of genes were downregulated in Col-0 than in anti-PLDa.
Transcription: Forty-seven transcription-associated genes were upregulated and 35 were downregulated by drought in Col-0. In anti-PLDa, 43 genes were upregulated and 24 were downregulated (Table 4) . Among the droughtregulated transcription factors, only 10 genes were common to both genotypes. The transcription factors were classified by their domains into 14 groups. Zinc finger proteins were the most regulated, followed by MYB and AP2/ERF (APETALA 2/ETHYLENE-RESPONSIVE ELE-MENT-BINDING FACTOR). One AP2 gene (AT4 G27950) was upregulated in both Col-0 and anti-PLDa, while another gene, AT1G36060, was upregulated only in Col-0. Three genes encoding bZIP transcription factors were upregulated in anti-PLDa, out of which one gene (AT1G53490) was downregulated in Col-0. A CCAATbox-binding transcription factor and two homeodomain/ lipid-binding START domain-containing (HD-START) genes were upregulated in Col-0. Out of the two MADS box genes downregulated in Col-0, one gene (AT5G6 5330) was upregulated in anti-PLDa. All significantly regulated genes belonging to MYB and NAC were differentially regulated in both Col-0 and anti-PLDa. Not only were the zinc finger proteins the most regulated group of transcription factors but they were also the most differentially regulated between Col-0 and anti-PLDa. Out of 16 upregulated genes in Col-0, only two genes were upregulated in anti-PLDa and out of 13 downregulated genes, only one gene was downregulated in anti-PLDa.
Metabolism:
The second most drought-responsive group of genes was that associated with metabolism. Among metabolism genes, 28 genes were upregulated in Col-0 while 34 genes were upregulated in anti-PLDa, with nine genes common to both, and 37 genes were downregulated in Col-0 while 19 genes were downregulated in anti-PLDa, with eight genes common to both (see Supplementary  Table S4 at JXB online). More genes belonging to 'Carbon (C)-compounds and carbohydrate metabolism' were downregulated in wild-type (17 genes) than in anti-PLDa (seven genes), with three genes common to both. On the other hand, more genes associated with C-compounds and carbohydrate metabolism were upregulated in anti-PLDa (21 genes) than in Col-0 (12 genes), with five genes common to both.
Signal transduction genes responsive to drought: Calcium plays an important role in early signal transduction events of many stresses. In Col-0, two 14-3-3 proteins (AT1G34760 and AT5G38480) and a calmodulin-binding protein were upregulated, and two calmodulin-binding proteins were downregulated, while in anti-PLDa, two 14-3-3 proteins and three calmodulin proteins were upregulated and one 14-3-3 protein (AT5G10450) was downregulated. Only the 14-3-3 protein GF14 omicron (grf11) (AT1G34760) response was common to both genotypes (Table 2) . Eight protein kinases including five putative protein kinases, a receptor-like kinase, a serine/threonine kinase, and a leucine-rich repeat (LRR)-transmembrane kinase were upregulated in Col-0, while two putative protein kinases, two receptor-like kinases, two serine/ threonine kinases, and an LRR-transmembrane kinase were upregulated in anti-PLDa. Five phosphatases including two PP2Cs and one PP2A were upregulated, and three phosphatases were downregulated in Col-0, while two PP2Cs (including ABI1) were upregulated in anti-PLDa. Two response regulators (including a pseudoresponse regulator, APRR5) were upregulated in Col-0. Nine GTPases were downregulated in Col-0, but were either upregulated (AT5G64990 and AT2G44690) or unchanged in anti-PLDa (AT1G43890, AT5G13650, AT3G05310, and AT5G60860). ROP8 was downregulated in Col-0 but upregulated in anti-PLDa. Eleven and seven genes involved in phospholipid signalling were regulated by drought (Table 6) in Col-0 and anti-PLDa, respectively. PIP5K (AT1G21920) and LTP (AT2G10940) were upregulated, and lipid-binding START domain-containing protein was downregulated in both Col-0 and anti-PLDa. Genes upregulated only in Col-0 are inositol-1,4,5-trisphosphate 5-phosphatase, scramblase-like, and phospholipase-like protein. PLDd and an LTP were downregulated in Col-0 and upregulated in anti-PLDa (Table 2 ).
Protein fate: Genes belonging to 'protein fate' showed differential expression in Col-0 and anti-PLDa. These included proteins involved in protein modification, degradation, and folding. In Col-0, HSP60 (AT2G33210) was increased and three genes involved in protein degradation were downregulated (AT3G62250, AT5G53300, and AT5G42990). None of these were drought regulated in the antisense genotype.
Hormone-related genes: Five genes related to ABA signalling were upregulated in Col-0 while two of them were downregulated and one unchanged in anti-PLDa (Table 5) . Three cytokinin genes (IPT2 and two UDP-glucosyl transferase genes) were upregulated in Col-0 but downregulated in anti-PLDa. Several other UDP-glucosyl transferase genes were differentially regulated in Col-0 and antiPLDa. Ethylene-responsive element-binding factor family (EREBP) was downregulated in anti-PLDa. Gibberellin response modulator (GAI) (RGA2) was downregulated in Col-0.
Quantitative RT-PCR (qRT-PCR)
PLDa transcript levels were 16-fold less in drought-stressed anti-PLDa than in Col-0. To validate the microarray data, qRT-PCR analyses were performed on six genes that responded on the microarrays. qRT-PCR results confirmed that these genes are regulated by drought stress (Table 7) . The qRT-PCR data correlated with the microarray results with a correlation coefficient of 0.96 and 0.95 in Col-0 and anti-PLDa, respectively. qRT-PCR was also performed on samples taken from other time points to determine the kinetics of PLDd expression in both genotypes. At the initial time point, PLDd was repressed, while at later time points PLDd was upregulated in Col-0. PLDd was upregulated at all time points in anti-PLDa (Fig. 3) .
Discussion
Significant work has been done to try to understand the role of PLD in drought signalling, using short-term 'shock' treatments. However, little or no work has been done to study its role in natural progressive drying. The aim in this study was to identify PLDa1-regulated genes at early stages of progressive drought. To study the role of PLDa1 in response to drought stress, Arabidopsis wild-type (Col-0) and anti-PLDa were subjected to progressive drought by withholding water. LWP was measured five times a day to monitor diurnal changes in plant moisture status. LWP was reduced in both Col-0 and anti-PLDa in response to drought. Anti-PLDa plants are less sensitive to ABA and have impaired stomatal closure during water deficits (Sang et al., 2001) . Antisense suppression of PLDa1 did not show any observable phenotypic differences when compared with the wild type under control conditions. During drought, anti-PLDa plants were more wilted than Col-0, indicating a greater transpirational loss of water in antiPLDa (Fig. 1) . However, anti-PLDa plants were able to recover to Col-0 moisture status during the night, suggesting that depletion of PLDa does not affect nocturnal stomatal closure. Moreover, reduction in PLDa1 did not affect the plants' ability to recover fully after rehydration. Photosynthesis was also more affected in the antisense plants as a result of reduced plant moisture content, and it also recovered fully upon rehydration.
In order to understand more about the role of PLDa1 in drought signalling, eighth day-fourth time point (initial stage of drought) was chosen for gene expression analysis in response to progressive drought. This was when anti-PLDa just began to experience higher water loss than Col-0. The goal was to capture early PLDa-mediated signalling events in response to progressive drought stress. The effect of antisense suppression of PLDa1 on global gene expression was minimal under unstressed conditions. About 0.15% of the transcriptome was differentially regulated between Col-0 and anti-PLDa. Lipid profiling studies have shown that PLDa1 deletion does not significantly alter basal PA levels in leaves (Devaiah et al., 2006) . Monitoring changes in drought-induced gene expression revealed significant differences between drought-stressed Col-0 and anti-PLDa. The expression of very few (;15%) drought-regulated genes was common to both Col-0 and anti-PLDa ( Fig. 2 ; see Supplementary Table S1 at JXB online). This result suggests that changes in plant PA levels via the PLDa pathway significantly alter global gene expression under progressive drought stress.
In wild-type plants, stomata are closed for increasingly longer periods during the day under progressive drought, a Numbers in parentheses indicate the number of responsive genes common to both Col-0 and anti-PLDa.
starting mid-morning (Tenhunen et al., 1987) . Due to stomatal closure in response to drought, there is a reduction in water loss as well as gas exchange, leading to reduced carbon assimilation and to a near optimization of carbon assimilation in relation to water supply (Cowan, 1981; Jones, 1992) . This partly explains why Col-0 has more downregulation of genes involved in metabolism (Ccompound and carbohydrate metabolism) than anti-PLDa (12 genes up-and 17 downregulated, and 21 up-and seven downregulated in Col-0 and anti-PLDa, respectively).
Responses of transcription factors to drought stress
The relatively large numbers of up-and downregulated genes (;9% of the drought-regulated genes) involved in transcription suggest that the plants are undergoing significant changes in transcription in response to water loss. The number of upregulated genes encoding transcription factors was higher than that of downregulated genes, suggesting that drought stress leads mainly to activation of transcription factors (Table 4; see Supplementary Table S5 at JXB online). In general, there was little overlap of responsive genes (7%) between Col-0 and anti-PLDa in this category. AP2 transcription factors play an important role in cold and drought-stress responses. RAP2 (AT1G36060), a part of the CBF regulon and possibly controlling a subregulon (Fowler and Thomashow, 2002; Zhang et al., 2004b) , was upregulated in Col-0, but not in antisense plants.
Evidence for PLDa-dependent and independent drought-responsive pathways Several transcription factors involved in plant development were differentially regulated in Col-0 and anti-PLDa by drought. These include homeodomain (HD-START), NAC, and MADS. NAC transcription factors have been reported to be involved in abiotic stress signalling Tran et al., 2004) . In the present experiment, these two groups were downregulated in both Col-0 and antiPLDa, suggesting the existence of a drought-responsive pathway that is independent of PLDa. MYB and basic helix-loop-helix (bHLH) transcription factors showed diverse responses. HD-START domain proteins were upregulated in Col-0. These proteins bind to phosphatidylcholine via the START domain and modulate the activity and transcription of the gene via the homeodomain (Schrick et al., 2004) . By analogy with animal systems, this provides a mechanism whereby lipid content in the cytosol regulates transport/sequestration of the transcription factor to the nucleus. These data suggest that the HD-START mechanism is on the same pathway as PLDa.
Zinc finger domain-containing transcription factors were by far the largest group of transcription factors regulated by drought (29 in Col-0 and 19 in anti-PLDa). C2H2-type zinc fingers have been reported to be involved in stress regulation (Sakamoto et al., 2004) . Several Table 3 . Regulation of small GTP-related proteins in Col-0 and anti-PLDa a Numbers in parentheses indicate the number of responsive genes common to both Col-0 and anti-PLDa. Early PLDa-mediated events in response to drought stress 247 C3HC4-type and CHP-type zinc finger proteins (four and three genes, respectively) were upregulated in anti-PLDa but downregulated or unchanged in Col-0 (ST-2). Three CCCH-type zinc fingers were upregulated in Col-0, out of which only one was upregulated in anti-PLDa.
Drought signal transduction
PLDa1 may be involved in upstream activation of 14-3-3 and ankyrin repeat-containing proteins: Calcium is a critical component in stress signal transduction pathways. Consistent with the central role of calcium, more calcium-binding proteins (three calmodulin-binding proteins and two 14-3-3 proteins) were upregulated in antiPLDa (Table 2; see Supplementary Table S6 at JXB online). One of them, rare cold-inducible (RCI1; AT5G38480), was upregulated only in Col-0. Interestingly, 14-3-3 protein GF14 k (grf6/AFT1) was downregulated in anti-PLDa. Overexpression of the Arabidopsis 14-3-3 protein GF14 k in cotton leads to a 'Stay-Green' phenotype and improves tolerance to moderate drought stress (Yan et al., 2004 ). 14-3-3 protein GF14 k interacts with ankyrin repeat-containing protein 2 (AKR2). AKR2 is involved in both disease resistance and antioxidation metabolism (Yan et al., 2002) . Four ankyrin-repeat proteins were found to be upregulated in Col-0, out of which one gene (AT3G24210) was upregulated and two (AT4G19660 and AT1G62050) genes were downregulated in anti-PLDa. These results suggest that PLDa1 may be involved in upstream activation of 14-3-3 and ankyrin-repeat containing proteins.
A possible interaction between cytokinin and drought/cold signalling: Phosphorylation and dephosphorylation play an important role in stress signal transduction. The number of protein kinases and phosphatases was the highest (56) out of a total of 99 drought signalling genes (Table 2) . Fifty per cent of the downregulated genes were common to Col-0 and anti-PLDa. These include LRR-transmembrane kinase, putative protein kinases, and receptor and receptorlike protein kinases, suggesting that these genes act upstream of the PLD signalling pathway, or are on another pathway altogether. ABI1 was downregulated in anti-PLDa. ABI1, a PP2C, interacts with PLDa1-derived PA and negatively regulates ABA signalling (Zhang et al., 2004a) . Two ARR (Arabidopsis response regulator) genes were upregulated by PLDa1. ARR5 has been implicated in circadian rhythms (Fujimori et al., 2005) . ARR15 was downregulated in anti-PLDa. ARR15, a type-A response regulator, acts as a negative regulator in cytokinin-mediated signal transduction in Arabidopsis and is also implicated in ethylene signalling (Kiba et al., 2003) . In their study, Lee et al. (2005) found that other response regulators (ARR10 and ARR16) are downregulated during cold stress. These genes are also involved in cytokinin signalling. This suggests an interaction between cytokinin and drought/cold signalling.
Involvement of other phospholipases in drought signalling: PIP5K (AT1G21920) was upregulated in both Col-0 and anti-PLDa. Increased phosphatidylinositol 4,5-bisphosphate (PIP 2 ) production is associated with upregulation of PIP5K during osmotic stress (Mikami et al., 1998) . Two b-tubulin (AT5G62700 and AT2G29550) and three calmodulin genes were upregulated in anti-PLDa. In animals, b-tubulin binds to PIP 2 and enhances PLC activity (Chang et al., 2005) . PIP 2 also plays a critical role in PLD activation in mammals and plants. PIP 2 is required for activities of Arabidopsis PLDb and PLDc (Qin et al., 1997) . This suggests that plants channel drought signalling through other members of the PLD or PLC pathway (possibly signal amplification via inositol trisphosphatemediated Ca 2+ release) and calmodulin signalling when PLDa availability is greatly reduced. However, no changes in gene expression of PLC family members were seen, suggesting the possibility of increased post-translational activation of the PLC and PLD pathway.
PLDd may act as 'damage control' and possibly function in late drought stress signalling: PLDd was highly upregulated in anti-PLDa when compared with Col-0. In earlier studies, anti-PLDa plants did not show any change in activity or expression of PLDb, PLDc Wang et al., 2000) , or PLDd (Sang et al., 2001b) under control conditions. Drought conditions were not used in these experiments. PLDd is known to be activated by hydrogen peroxide (H 2 O 2 ), and the resulting PA functions to decrease H 2 O 2 -promoted programmed cell death (Zhang et al., 2003) . However, a recent study showed that abrogation of PLDd does not affect tolerance to drought stress (Li et al., 2005) . Studies have revealed that PLDa1 and PLDd have different, and sometimes opposite, roles in signalling (Welti et al., 2002; Li et al., 2004) . Although PLDa1 and PLDd produce PA, they may prefer phospholipid substrates with different fatty acid side chains. This, in turn, would change the PA species pool, thereby activating distinct intracellular signals. The results suggest that PLDd acts as 'damage control' and has a role in late drought stress signalling.
PLDa1 negatively regulates small GTPases: Nine GTPases were downregulated in Col-0 but were either upregulated or unchanged in anti-PLDa (Table 3) . A Rho-like GTPase (ROP8) was downregulated in Col-0 but upregulated in anti-PLDa. Nothing is known about the function of ROP8, but other members of the ROP gene family (ROP6 and ROP10) are involved in negative regulation of ABA responses. The results are consistent with the hypothesis that PLDa1 may negatively regulate small GTPases.
Hormone signalling
Much information has accumulated on the role of ABA in stomatal movement and its importance in dehydrating roots and ABA movement in the plants. There is a very limited knowledge about the exact relationship between water deficit and ABA long-distance signalling in field drought conditions. Under rapid dehydration, ABA is synthesized mainly in roots and transported to the shoots. Contrary to most dehydration studies, very few genes involved in ABA signalling were found under the present conditions of progressive drought stress. There are two possible reasons why induction of ABA biosynthesis genes was not seen. First, root tissue was not included in the microarray experiment. Secondly, in leaves, ABA biosynthesis is increased only when LWP falls to the point where turgor approaches zero. In this study, leaf samples were collected when the LWP just began to drop. Five ABA-responsive genes were upregulated in Col-0, while only one gene (ABI1) was upregulated in anti-PLDa, suggesting a role for PLDa1 in ABA signalling (Table 5 ).
Conclusion
In this study, responses of an antisense plant for PLDa1 and wild-type (Col-0) to progressive drought were compared. Although under control conditions abrogation of PLDa1 has little/no effect on phenotype, drought stress shows significant differences in physiological behaviour. Using transcriptome analysis, several new genes regulated by progressive drought were identified and genes whose expression may be part of the PLDa1 pathway were also found. ROP8, PLDd, and LTPs were among the differentially expressed genes between the two genotypes. The results provide a basis to explore further the processes regulated by PLDa in response to drought using transgenic studies and molecular biology.
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